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Abstract 
In this thesis, the synthesis of a series of alkyl lumazine surfactants (LCn) is 
reported.  Their application to the dispersion of both CoMoCAT and HiPco single-walled 
carbon nanotubes (SWNTs) is examined in detail and the thermal stability and chirality 
selection properties of dispersions made with these surfactants were compared both 
between themselves and with an alkyl flavin surfactant (FC12).  Lumazine alkyl chain 
length exhibited some control over the quality and the quantity of SWNTs dispersed.  
LC10 was deemed most appropriate for comparison with FC12 based on considerations of 
solubility and nanotube individualization.  Although the lumazines were less diameter-
selective than the flavins, they still appeared to favor smaller-diameter tubes (<1 nm) as 
compared to the FC12.  The helix formed by FC12 on the surfaces of SWNTs is shown to 
be preserved in LCn surfactants by the existence of a sigmoidal decay in SWNT 
fluorescence intensity upon heating SWNT dispersions, which is the same in form as the 
decay exhibited by FC12-wrapped SWNTs.  This decay, however, occurs at a slightly 
higher (~4°C) temperature and more sharply for LCn.  The sum total of these properties 
indicates that the smaller unit size of the LCn and the lower π-π stacking ability as 
compared to FC12 enable greater flexibility in supramolecular assembly, resulting in 
lower selectivity and the selection of smaller SWNTs, and that the more electron-poor, 
lower π-π stacking lumazine forms a helix that is more cohesive than one made from 
flavins, yet with individual molecules that are more easily separated from the SWNT 
once the helix is ruptured.
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I.  Introduction 
i.  Opening Remarks 
 Carbon allotropes have been generating a great deal of interest in the scientific 
community since the discovery of buckminsterfullerenes, affectionately known as “bucky 
balls,” by Smalley and coworkers at Rice University in 1985.1  The realization of a fully 
conjugated material with walls a single atom thick and confined in all three dimensions 
that was, additionally, stable in ambient conditions fueled excitement to investigate 
similar materials.  Meanwhile, advances in supporting technologies, such as microscopy, 
enabled characterization of these minute systems, culminating in the discovery of multi-
walled carbon nanotubes (MWNT) by Iijima in 1991.2 Shortly thereafter, single-walled 
carbon nanotubes (SWNT) were discovered, rather serendipitously in an attempt to 
encapsulate inside bucky balls the metal nanoparticles that would end up catalyzing their 
extension into nanotubes, thus fully launching nanotube research as a fledgling field all 
its own.3,4  Graphene, the two-dimensional cousin of the spherical buckminsterfullerene 
and tubular carbon nanotube (CNT), would arrive much later (for all practical purposes, 
in 2004)5 to round out the family of zero-, one-, and two-dimensional graphitic carbon 
species. 
ii.  CNT Structure 
 The structure of a carbon nanotube is best conceptualized by envisioning a two-
dimensional sheet of graphene that has been rolled into a tube.6  While the structure of 
the graphene sheet forming the basis for all nanotubes is identical – namely, a hexagonal 
or “honeycomb” lattice of sp2-hybridized carbon atoms – the manner in which the sheet is 
“rolled” is not.  This conceptual “rolling” is quantified by a parameter known as the 
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Hamada vector, which is in turn composed of a certain number n of vectors going across 
an individual hexagon (a1) and another number m of vectors going diagonally down a 
hexagon (a2).  A nanotube whose conceptual graphene sheet has been rolled along this 
vector such that it becomes the edge of an open tube is identified by the numbers n and m 
used to achieve this structure, giving a “chiral index” of the form (n,m). 
 
Figure 1.  “Weisman Plot” demonstrating rolling of the hypothetical graphene sheet.7  
The chiralities of mod 1 SWNTs are shown in blue, mod 2 in red, and metallic nanotubes 
are omitted (vide infra). 
 Since this vector must connect distinct carbon atoms in the lattice, all values n and 
m must be integers of zero or greater.  When combined with the fact that the magnitudes 
of the bond length and angle between carbon atoms is fixed, this means that each chiral 
index (n,m) will generate a geometrically distinct tube with a specific diameter and chiral 
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angle (i.e., deviation of the Hamada vector from a straight line across the hypothetical 
graphene sheet).  The mathematical relationships for these parameters are given below:6 
Equations 1-5.  Geometric relationships influencing SWNT structure. 
L = a(n2 + m2 + nm)1/2, L = length of chiral vector, a = 2.49 Å (1) 
dt = L/π, dt = diameter       (2) 
sin! = m 32 n ^ 2+m ^ 2+ nm
cos! = 2n+m2 n ^ 2+m ^ 2+ nm
tan! = m 32n+m
 where θ = chiral angle 
Other properties of individual tubes are determined by synthesis and processing 
conditions rather than chirality, such as CNT length, which can extend into the millimeter 
range,3,8,9 the presence or absence of a hemispherical end cap or catalyst particle, and the 
presence or absence of sp3-hybridized defect sites along the length of the tube. 
iii.  CNT Electronic Properties 
 The optoelectronics of carbon nanotubes are dominated by the CNTs’ the ability 
of CNTs to form excitons upon absorbing light and density of states (DoS), which 
dictates the energies and populations of available electronic states based on the sum total 
of nanotubes’ molecular orbitals.10  The term “exciton” refers to both an electron that has 
been dislocated from its ground-state orbital and the “hole,” or residual positive charge 
due to the lack of an electron to counterbalance nuclear charge, left behind.10  This pair 
remains in a metastable state, unable to recombine due to the energy absorbed, yet unable 
to separate due to the Coulombic attraction between the negatively-charged electron and 
the positively-charged hole.  This pair can travel as a unit over the entirety of its excited 
(3)	  
(4)	  
(5)	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state lifetime (which is 
itself a matter of 
debate)11,12,13,14 until 
ultimately meeting one 
of three fates:  
recombination, in which 
the attraction finally 
overcomes the absorbed 
energy and light is 
emitted,15 thermal 
degradation, in which the 
energy is dissipated as 
heat as the electron 
returns to its ground state,16 
or splitting, in which an 
energy difference 
introduced into the system, 
i.e. at the interface between 
two materials with different electronic properties, overcomes the attraction between the 
electron and hole, causing them to go in different directions.17  Each of these fates also 
has a distinct potential application, including in biomedical applications,18,19,20,21 and in 
solar cells,22 to name a few. 
Figure 2.  Density of states diagram of a semiconducting 
SWNT showing filled and unfilled populations around the 
Fermi level (denoted as energy of zero).7  Optical 
transitions (E11 and E22) also shown. 
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 As a 1D, quantum-confined material, the electronic properties of CNTs are 
governed foremost by the “particle-in-a-box” model, wherein the wavelengths associated 
with particular energy states are directly linked to the size of an on-nanotube “box” to 
which they are relegated.16  The size of this conceptual box is governed by the diameter 
of the nanotube, defining the maximum possible size radially, and the exciton envelope – 
the maximum distance between the electron and hole – defining the maximum possible 
size along the axis.23  Therefore, to a first approximation, the larger the tube, the longer 
the wavelength of light absorbed, the smaller the energy of the “box” and, therefore, the 
smaller the band gap (energetic distance between the lowest unoccupied molecular orbital, 
or LUMO, and the highest occupied molecular orbital, or HOMO).  This holds as a 
general rule and makes the band gap, the first excitonic transition of the tube or E11, scale 
linearly with 1/dt, where dt is the tube diameter.6,24 The second excitonic transition (E22) 
shows a similar dependence.6 
 However, the complete picture of CNT electronic properties is complicated by 
chirality.  The chiral angle dictates the allowed momentum vectors along the nanotube 
axis, in turn defining the band structure. This “trigonal warping effect” shows significant 
deviation from the simple 1/dt Eii dependence. 7,25,26  Interestingly, these deviations show 
(n,m)-derived patterns.6  Metallic (“armchair” nanotubes where n = m) and semi-metallic 
(the quantity n – m is evenly divisible by 3) SWNTs have band gaps that are 0 or 
insignificant in comparison with kT, the ambient energy (although they still have peaks in 
their DoS corresponding to Eii transitions that are distinct from the continuum of states 
around the Fermi level), and show different behavior than the remaining semiconducting 
SWNTs, which can be again subdivided into “mod 1” (the quantity n – m would leave a 
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remainder of 1 if divided by 3) 
and “mod 2” (n – m  would 
leave a remainder of 2 if 
divided by 3) SWNTs.  These 
also show different patterns in 
their deviation from the 1/dt 
dependence.  Within mod 1 and 
2 SWNTs, there are yet more 
subdivisions, as “families” of 
nanotubes (2n + m yields the 
same value for all SWNTs in a 
given family) show a trend 
within the family with regard to 
the deviation from 1/dt 
dependence.  6,27  Additionally, 
covalent imperfections leading to sp3-hybridized sites and chemisorbed entities can cause 
local variations in band structure or global doping effects, significantly altering 
photoluminescence and absorbance behavior.28,29 
 It is therefore self-evident that monodispersity and the pristine character of 
SWNT samples are imperative for the application of SWNTs in any form of high-end 
electronics.  Even tight diameter control is not enough due to the presence of metallic and 
semimetallic SWNTs from trigonal warping, which can lead to short-circuits.30,31,32 There 
is currently no method for synthesizing only a single chirality of SWNT.32 
Figure 3.  Kataura plot showing chirality and family 
dependence of trigonal warping effects.  Each point 
represents a single (n,m) chirality (dotted are mod 1, 
open circles are mod 2, and filled circles are metallic), 
while lines connect 2n + m = k families.27 
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iv.  Characterization Methods 
 Methods of characterizing SWNTs rely on both physical and electronic properties.  
Physically, transmission electron microscopy (TEM) and atomic force microscopy 
(AFM) provide concrete evidence of the extent of SWNT bundling – a common 
phenomenon due to the high Van der Waal’s interactions between such high-surface-area 
species33,34 – and tube length.  Raman spectroscopy uses stretching vibrations to indicate 
tube diameter (via the radial breathing mode, or RBM), tube perfection (via the ratio of 
the D band, arising from sp3 carbons, to the G band, arising from sp2 carbons) and doping 
(from the G’ or D* band, which shifts due to doping).35,36 
 Of particular importance to this study are methods based on electronic properties.  
UV-Vis-NIR absorption provides an invaluable tool to study nanotube dispersions for 
several reasons.  First, absorbance gives a direct measure of nanotube population, since it 
is not subject to the variations seen in photoluminescence. 37  Second, SWNTs show 
strong solvatochromic shifts, changing their peak wavelengths based on their dielectric 
environments.38,39 Finally, peak linewidth and baseline height can be taken as a measure 
of bundle-induced scattering and SWNT doping.40  Photoluminescence spectroscopy (PL) 
and photoluminescence-excitation spectroscopy (PLE) are, in many ways, 
complementary to absorbance spectroscopy.  For one, bundled SWNTs are generally 
non-emissive compared to individualized SWNTs, as are defect-laden and doped 
SWNTs.28,29,33,37  Deriving the amount of PL quenching among the total SWNT 
population in a sample’s absorbance spectrum can therefore tell a great deal about the 
SWNTs’ chemical and physical environment.  Exciting one species and monitoring 
emission from another can reveal exciton- or charge-transfer between nanotubes, 
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surfactants, and complexes of either or both.  Lastly, and of great importance, is the 
ability to differentiate between nanotubes of similar E11 but different E22 values and vice 
versa by exciting at the E22 wavelength and detecting emission from the E11 after 
relaxation.  2D “maps” created in this way can provide a much clearer picture of 
nanotube populations and peak positions than absorbance spectra and can even be used as 
a guide for the deconvolution of overlapping absorbance peaks to compensate for 
differences in fluorescent behavior between nanotube chiralities. 
v.  Surfactants 
a.  Anionic – Sodium Dodecyl Sulfate and Sodium Benzene Dodecyl Sulfonate 
 Carbon nanotubes have a strong tendency to bundle 
in solution due to their high surface areas and large Van der 
Waal’s attractions.33,34 Surface modifications, including 
alkylation41 and carboxylation,42 have been employed in 
order to promote solubilization in organic and aqueous 
environments, respectively, and to prevent re-bundling 
through steric and/or ionic repulsion.  These methods, 
however, have a deleterious effect on the electronic 
properties of SWNTs due to the introduction of conjugation-
interrupting sp3 carbon sites.  Therefore, common surfactants 
such as sodium dodecyl sulfate (SDS)33 and sodium dodecyl 
benzene sulfonate (SDBS)43,44 were explored relatively early in SWNT research as 
dispersing agents in aqueous media.  These compounds rely on the polarity difference 
between the nonpolar SWNT surface and the solvent to promote organization at this 
O
S
O
O
O
Na+
S
O
O
O
Na+
Scheme	  1.	  	  Sodium	  dodecyl	  sulfate	  (SDS,	  left)	  and	  sodium	  dodecyl	  benzene	  sulfonate	  (SDBS,	  right).	  
	  	  
	   9	  
interface.33  While SDS and SDBS are posited to form micelles on the SWNT surface, the 
exact supramolecular structure is not definitively known and, in fact, may be 
concentration- and SWNT-structure-dependent.45,46,47  Regardless, the net result is 
aqueous dispersion with relatively little selectivity between SWNT chiralities, 
transparency in the UV, and no surfactant-derived PL quenching.37 These surfactants are 
therefore appropriate for obtaining a fairly unbiased roster of the nanotube species 
present. 
b.  Bile Salts – Sodium Cholate and Sodium Deoxycholate 
 Bile salts such as sodium cholate and 
sodium deoxycholate represent the next level of 
sophistication in SWNT dispersion.  The fused 
polycyclic steroid backbone of bile salts 
exhibits a methyl-functionalized, nonpolar face, 
which is able to easily associate with the 
nonpolar nanotube surface.48  The opposite face 
is functionalized with several hydroxyl groups 
and a carboxylic acid moiety, endowing not 
only favorable interactions with water, but also the potential for hydrogen bonding 
between individual cholate molecules, thereby strengthening the surfactant assembly as a 
whole.49  This, in combination with these compounds’ greater hydrophobic area vs. SDS, 
result in a remarkable dispersion efficiency in terms of the amount of SWNTs dispersed 
vs. the amount of surfactant added.50  Additionally, the innate curvature, size, and rigidity 
of the methyl-functionalized steroid component impart some diameter selectivity.32,51 
H
H
O
OH
H
OH
H
HO
O
H
H
O
H
OH
H
HO
O
Na+
Na+
Scheme	  2.	  	  Sodium	  cholate	  (top)	  and	  deoxycholate	  (bottom).	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c.  Conjugated Polymers - Poly(9,9-dioctylfluorenyl-2,7-diyl) 
 The development of poly(9,9-dioctylfluorenyl-2,7-
diyl) (PFO) highlights another important aspect of SWNT 
dispersion – the importance of π-π stacking interactions in 
helping surfactants to adhere to the aromatic SWNT surface.52  
Additionally, the phenyl rings in the proper geometry can help the moiety align with the 
underlying honeycomb lattice,53 though it should be noted that non-aromatic moieties can 
also align to some degree.54  The structure-driven interaction of each individual monomer 
with the substrate, combined with the constraints imposed by the geometry of linkages 
between monomers, yields a highly selective dispersion, showing enrichment in high-
chiral-angle SWNTs. 55  Recent reports indicate that band positions and electronic 
interactions may also play a role in chirality selection, though this bears further 
investigation.56 
d.  DNA 
 DNA has proven to be a highly successful material for the dispersion, selection, 
and separation of SWNTs.  This success is due in large part to the skillful optimization of 
the parameters outlined for the previous surfactants.  Nuanced surfactant geometries can 
be induced by varying the type, number, and pattern of bases, drawing on the differences 
in base geometry, π-stacking character, and self-reinforcing hydrogen-bonding schemes 
to achieve exceptional chiral selectivity.57,58,59  Ming Zheng and coworkers, in addition to 
developing an efficient methodology to empirically identify oligomeric sequences 
favoring individual chiralities, leveraged the differing affinity of a given sequence for 
different chiralities in order to effect separation on an ion-exchange column.60,61  Though 
C8H17 C8H17
Scheme	  3.	  	  Poly(9,9-­‐dioctylfluorenyl-­‐2,7-­‐diyl)	  (PFO).	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expensive and low-throughput, this is the most successful attempt at single-chirality 
isolation to date. 
e.  Flavin Mononucleotide (FMN) 
 Work on single-chirality separation had, in fact, 
been successful prior to the use of DNA and ion-exchange 
chromatography.  Sang-Yong Ju and Dr. Fotios 
Papadimitrakopoulos succeeded in applying flavin 
mononucleotide (FMN) to the isolation of the (8,6) nanotube 
in approximately 85% purity using a simple, cheap, scalable 
salting-out method. 62  FMN, a key redox cofactor in a variety 
of proteins,63,64 consists of an isoalloxazine “head” moiety 
composed of three fused rings.  One of these rings resembles 
the nucleic acid uracil or thymine, conserving a similar hydrogen-bonding pattern; the 
middle ring is pyrazine-like, with the “tail” group attached to one of the nitrogens; the 
third ring is an ortho-xylene.  This tricyclic system, with its extended aromatic structure, 
was found to bind strongly to the nanotube surface.65  Furthermore, FMN molecules were 
observed forming a helix on the nanotube surface via TEM, indicating that the hydrogen-
bonding moiety was able to organize individual units into a 2-dimensional ribbon around 
the SWNT.  Attempts to replace the FMN with a competing surfactant (SDBS) reinforced 
the cooperative nature of the interaction between FMN molecules by revealing a 
sigmoidal rise in the intensity at the SDBS-wrapped PL wavelength, which is blueshifted 
compared to the FMN-wrapped wavelength, during replacement.  Significantly, the onset 
of this transition occurred at different SDBS concentrations for different SWNT species.  
N
N
N
NH
O
O
O
OH
OH
HO
P
OH
O ONa+
Scheme	  4.	  	  Flavin	  mononucleotide	  monosodium	  salt	  (FMN).	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Replacement of the FMN on all SWNTs except that with the highest affinity for FMN – 
the (8,6) nanotube – followed by precipitation by the addition of salt to screen charges 
between sulfonate groups, thereby causing aggregation of all other chiralities, yielded a 
sample highly enriched in (8,6). 
f.  FC12 
 The portability of FMN to an organic environment 
was achieved by swapping the ribityl tail for an n-dodecyl 
one.  The principles of its binding to nanotubes being 
essentially the same as for FMN, many of its features are 
conserved, save that there is currently no known, effective 
method for surfactant replacement in organic solvents.  However, an additional 
phenomenon was discovered:  The quantum yield of the nanotubes jumped to its highest-
ever reported value at 21%.66  The hypotheses for this center around the fact that the 
solubility of the highly-polar flavin headgroup in FC12’s optimal solvent, toluene, is far 
lower than the solubility of the n-dodecyl tail.  Additionally, the solvent is incapable of 
hydrogen-bonding with the flavin’s imide, further increasing the propensity of the FC12 
to self-associate at the SWNT surface.  One result of this is a great degree of nanotube 
individualization, reducing quenching effects from bundling and charge transfer.  
Another result is that the FC12 may force physisorbed entities with the potential to form 
deep traps or to dope the nanotube, such as molecular oxygen, off of the tube surface.  
Molecular modeling supports this by predicting a 2.2 eV binding energy for the flavin, as 
compared to a 1 eV binding energy for molecular oxygen adsorbed as a 1,4-endoperoxide 
on the graphitic lattice. 
N
N
N
NH
O
O
C12H25
Scheme	  5.	  	  10-­‐dodecyl-­‐7,8-­‐dimethyl	  flavin	  (FC12).	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 This model, however, still leaves some uncertainties.  Principally, what roles do 
each of the structural components of FMN and FC12 play in their selectivity and 
quantum-yield enhancement?  The principal systemic components to be examined are the 
inter-flavin hydrogen bonding, the size of the head moiety, the electronics of the head 
moiety, the π-stacking ability of the head moiety, and the role of the tail and bulk 
solubility.  This thesis seeks to alleviate some of these questions by introducing two 
structural modifications to the original FC12 molecule: the removal of the phenyl ring and 
the variation of the n-alkyl tail length.  Additionally, a new method for probing the 
relative affinities of these surfactants for SWNTs in a variety of media (nonpolar, polar, 
aqueous) is explored, relying on the thermal disruption of the ordered surfactant system 
to induce PL quenching in the nanotube(s) of interest rather than the replacement of the 
surfactant with a competing species. 
g.  Lumazine 
 The structure of lumazine is exactly the same as that of 
flavin, with the notable exception that the phenyl ring has been 
removed, resulting in a bicyclic, rather than a tricyclic, moiety. 67  
Structurally, this obviously makes the lumazine head moiety smaller 
than that of flavin.  Conceivably, it could also make the compound more electron-
deficient than its three-ringed cousin and diminish its π-stacking ability.  It conserves the 
planar pyrazine moiety and the hydrogen-bonding imide, enabling similar attachment of 
the alkyl tail and providing the potential to also conserve self-assembly patterns (i.e., the 
flavin’s helical ribbon formed around the SWNT surface).  The synthesis of a 
homologous series of lumazines, with tails of 6, 8, 10, and 12 carbons rounded out the set 
N
N
N
NH
R
O
O
Scheme	  6.	  	  Basic	  lumazine	  structure.	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of variables examined, enabling comparison of the effects of the difference between head 
and tail solubility and the role of bulk solubility on dispersion. 
 Lumazine is also flavin’s direct biological precursor. 68  While this presents some 
interesting clues as to effective synthetic routes,69 it also presents synthetic challenges.  
Namely, lumazine is meant to be an intermediate, not a final product.  It therefore 
exhibits significant reactivity with itself, with its modified exo-methylene tautomer 
undergoing facile Diels-Alder dimerization with an unmodified lumazine both in the 
presence and absence of riboflavin synthase.70  While this is good news for the catalytic 
cycle of the enzyme,71 it is not good news for the isolation of lumazine, which is sensitive 
to light, heat, pH, and local excesses of butanedione, a convenient ingredient in its 
synthesis.72,67  These challenges and their solutions will be discussed in this thesis.  Also, 
a more in-depth look at the characteristics of dispersions made with lumazines, flavins, 
and SWNTs made using different synthetic methods (CoMoCAT, HiPco) will be 
included, along with attempts to compare the stability of the surfactant helices of flavins 
and lumazines of different tail lengths via the aforementioned thermal denaturation 
method. 
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II.  The Synthesis of a Homologous Series of Alkyl Lumazines and their Application 
to the Dispersion of Carbon Nanotubes 
i.  Materials and Methods 
 ACS Reagent Grade toluene and hexane from J.T. Baker and Mallinckrodt, 
respectively, were used for the dispersion of CoMoCAT SWNTs purchased from 
SouthWest NanoTechnologies, Inc., product number SG65, lot 000-0031.  Unidym 
HiPco nanotubes were also used.  FC12 was synthesized according to the published 
procedure.66 Alkyl amines (98-99% pure) and 99% 2,3-butanedione were purchased from 
Acros Organics.  Certified ACS Grade sodium nitrite was purchased from Fisher, 98.0%+ 
6-chlorouracil from TCI America, and ACS Reagent Grade glacial acetic acid and 
concentrated hydrochloric acid from J.T. Baker.  Deionized water was purified using a 
Super-Q system from Millipore. 
 UV-Vis-NIR absorbance measurements were carried out on a Perkin-Elmer 
LAMDA-900 spectrometer.  Fluorescence measurements were taken on a Jobin-Yvon 
Spex Fluorolog 3-211 fluorimeter equipped with a Hamamatsu NIR PMT detector. 
a.  Dispersing SWNTs with flavin (FC12) and lumazines (LCn): Nanotube dispersions 
were prepared by sonicating 5 mg of SWNTs with 20 mg of surfactant and 20 mL of 
solvent (toluene with or without n-hexane, as appropriate) using a 750-W Cole-Parmer 
tip sonicator at 30% power for 30 minutes.  Immediately following this, dispersions were 
centrifuged at low speed (~10,000 g) for 10 minutes.  80% of the supernatant was 
collected and used as for spectroscopic studies.  Deconvolution of contributions from 
individual chiralities to the overall dispersion absorbance or photoluminescence was 
carried out using OriginLab software.   
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b.  Temperature Stability Studies: Temperature studies were conducted by heating 
samples in an oil or water bath on a hot plate with the temperature-control probe 
submerged in an equal volume of toluene in a vial in the same bath.  The samples were 
heated to a target temperature, held at this interval for 5 minutes, and allowed to cool to 
room temperature.  The fluorescence spectra were then taken.  This process was repeated 
at progressively higher temperatures until all fluorescence intensity had diminished to 
background levels, typically around 90°C. 
c.  Syntheses 
6-alkylamino uracils (4): 1 equivalent of 6-chlorouracil (3) was combined with 2 
equivalents of the appropriate alkylamine (n-CnH2n+1-NH2, with n =6, 8, 10 and 12) in 
butanol and refluxed for 12 hours.  The crude product was obtained by cooling at -20°C 
and filtering under vacuum and recrystallized from acetic acid and water to afford large, 
fluffy white crystals of (4) at approximately 60% isolated yield. 
6-hexylaminouracil (4a):  MP 268 °C.  1H NMR (500 MHz, TFA/CDCl3) δ 5.49 (1H, 
very broad s), 3.39 (1H, broad s), 1.73 (2H, p, J = 7 Hz), 1.43 and 1.34 (overlapping p 
and s totaling 6H), 0.91 (3H, t, J = 6 Hz).  13C NMR (500 MHz, TFA/CDCl3) δ 165.23, 
157.19, 150.99, 73.44, 43.52, 30.79, 27.78, 25.84, 21.95, 12.76.  Anal. calc. for 
C10H17N3O2 (MW = 211.26):  C, 56.85; H, 8.11; N, 19.89.  Found:  C, 56.44; H, 7.88; N, 
19.41. 
6-octylaminouracil (4b): MP 273-274 °C.  1H NMR (400 MHz, TFA/CDCl3) δ 5.60 
(1H, very broad s), 3.49 (2H, broad s), 1.79 (2H, p, J = 7 Hz), 1.35 (10H, broad m), 0.93 
(3H, t, J = 7 Hz).  13C NMR (400 MHz, TFA/CDCl3) δ 165.43, 158.00, 151.26, 73.46, 
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44.25, 31.66, 28.97, 28.89, 28.09, 26.47, 22.37, 12.73.  Anal. calc. for C12H21N3O2 (MW 
= 239.31):  C, 60.23; H, 8.84; N, 17.56.  Found:  C, 60.33; H, 8.77; N, 17.39. 
6-decylaminouracil (4c):  MP 268-269 °C.  1H NMR (500 MHz, TFA/CDCl3) δ 5.58 
(1H, very broad s), 3.45 (2H, broad s), 1.78 (2H, p, J = 7 Hz), 1.35 (overlapping peaks 
totaling 14H), 0.91 (3H, t, J = 7 Hz) 13C NMR (500 MHz, TFA/CDCl3) δ 165.15, 157.64, 
150.85, 73.02, 43.89, 31.62, 29.17, 29.08, 28.99, 28.71, 27.84, 26.23, 22.25, 12.68.  Anal. 
calc. for C14H25N3O2 (MW = 267.37):  C, 62.89; H, 9.42; N, 15.72.  Found:  C, 62.40; H, 
9.29; N, 15.47. 
6-dodecylaminouracil (4d):  MP 264-266oC.  1H NMR (400 MHz, TFA/CDCl3) δ 5.56 
(1H, very broad s), 3.44 (2H, broad s), 1.78 (2H, p, J = 7 Hz), 1.34 (overlapping peaks 
totaling 18H), 0.91 (3H, t, J = 7 Hz).  13C NMR (400 MHz, TFA/CDCl3) δ 165.66, 
158.41, 151.15, 76.00, 31.46, 29.09, 28.97, 28.85, 28.48, 27.61, 26.01, 22.03, 12.37.  
Anal. calc. for C16H29N3O2 (MW = 295.42):  C, 65.05; H, 9.89; N, 14.22.  Found:  C, 
64.61; H, 9.63; N, 13.86. 
6-alkylamino-5-nitroso uracils (5): 1 equivalent of 6-alkylamino uracil (4) was 
dissolved in glacial acetic acid in the dark.  1.5 equivalents of sodium nitrite were 
dissolved in water to form a saturated solution, which was then added dropwise and 
allowed to stir at room temperature for 2 hours.  The mixture was refrigerated at 4 °C for 
2 hours and the precipitate was vacuum filtered and recrystallized from acetic acid and 
water to yield approximately 95% of fluffy, purple solid (5).  (5) can also be 
recrystallized from ethanol.  Elemental (vide infra) and thermogravimetric analysis 
(Figure S10) data indicate uniform isolation of the hemihydrate. 
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6-hexylamino-5-nitroso-uracil (5a):  MP 176 °C.  1H NMR (400 MHz, DMSO) δ 11.18, 
3.39 (5H, overlapping q (J = 7 Hz) and broad s including water), 1.53 (2H t, J = 7 Hz), 
1.28 (6H s), 0.87 (3H t, J = 7 Hz).  13C NMR (400 MHz, DMSO) δ 160.86, 150.09, 
147.21, 137.51, 40.89, 30.70, 28.00, 25.73, 21.96, 13.86.  Anal. calc. for C10H16N4O3·1/2 
H2O (MW = 249.27):  C, 48.18; H, 6.87; N, 22.48.  Found:  C, 47.98; H, 6.66; N, 21.99. 
6-octylamino-5-nitroso-uracil (5b):  MP 169 °C.  1H NMR (400 MHz, DMSO) δ 11.20 
(s, 1H), 3.38 (5H overlapping with 3.31 ppm, q, J = 7 Hz), 3.31 (s), 1.52 (2H t, J = 7 Hz), 
1.26 (10H overlapping m), 0.86 (3H t, J = 7 Hz).  13C NMR (400 MHz, CDCl3) δ 160.77, 
149.98, 147.13, 137.43, 40.90, 31.15, 28.52, 28.42, 28.00, 26.03, 22.03, 13.91.  Anal. 
calc. for C12H20N4O3·1/2 H2O (MW = 277.41):  C, 51.97; H, 7.63; N, 20.20.  Found:  C, 
51.78; H, 7.46; N, 19.93. 
6-decylamino-5-nitroso-uracil (5c):  MP 173 °C.  1H NMR (400 MHz, DMSO) δ 11.20 
(1H s), 3.38 (5H overlapping with 3.31 ppm, q, J = 7 Hz), 3.31 (s), 1.52 (2H m), 1.25 
(14H s), 0.85 (3H t, J = 7 Hz).  13C NMR (400 MHz, DMSO) δ 160.76, 149.78, 147.19, 
137.44, 40.89, 31.25, 28.87, 28.63, 28.45, 27.99, 26.01, 22.05, 13.92.  Anal. calc. for 
C14H24N4O3·1/2 H2O (MW = 305.38):  C, 55.06; H, 8.25; N, 18.35.  Found:  C, 54.92; H, 
8.09; N, 18.05. 
6-dodecylamino-5-nitroso-uracil (5d):  MP 166-168 °C.  1H NMR (500 MHz, DMSO) 
δ 3.37 (2H s), 1.52 (2H t, J = 6 Hz), 1.26 (20H s), 0.86 (3H t, J = 7 Hz).  13C NMR (500 
MHz, TFA/DMSO) δ 176.87, 164.85, 147.17, 129.22, 30.98, 28.61, 28.37, 27.89, 26.51, 
25.13, 21.62, 18.77, 12.39.  Anal. calc. for C16H28N4O3·1/2 H2O (MW = 333.43):  C, 
57.64; H, 8.77; N, 16.80.  Found:  C, 57.60; H, 8.64; N, 16.39. 
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6,7-dimethyl-8-hexyl lumazine (LC6, 2a): 1 equivalent of 6-hexylamino-5-nitroso uracil 
(5a) was dissolved in boiling water and reduced with solid sodium dithionite, which was 
added with stirring until the color diminished to a pale yellow (approx. 10 minutes).  This 
compound precipitated.  After adjusting with concentrated HCl to pH ~ 4.5, an equal 
volume of ethanol equal to that of the mixture was added.  Subsequently, the mixture was 
refluxed for 1 hour, while 3 equivalents of 2,3-butanedione were added dropwise.  The 
reaction mixture was then cooled to room temperature and concentrated on a rotary 
evaporator in the absence of light and heat.  Brief sonication after cooling on a dry ice-
ethanol-water bath and storage at -20°C overnight induced the precipitation of a fine, 
bright yellow powder.  This was isolated via vacuum filtration and extracted against a 
large quantity of chloroform.  Removal of the solvent in vacuo yielded the pure 
compound at 65% isolated yield.  Decomposes upon heating.  1H NMR (300 MHz, 
CDCl3) δ 8.67 (1H s), 4.54 (2H m, J = 9 Hz), 2.68 (3H s), 2.64 (3H s), 1.81 (2H p, J = 8 
Hz), 1.47 (4H s), 0.89 (3H t, J = 7 Hz).  13C NMR (300 MHz, DMSO) δ 160.61, 155.29, 
150.54, 146.44, 139.46, 131.98, 47.51, 31.19, 28.84, 26.13, 21.99, 21.40, 16.90, 13.84.  
For C14H20N4O2 (MW = 276.33; found 277.1629 (monomer), 553.3191 (dimer)), identity 
confirmed by high-resolution DART-MS.  (see appendix I) 
Synthesis of 6,7-dimethyl-8-octyl lumazine (LC8, 2b):  1 equivalent of 6-octylamino-5-
nitroso uracil was taken up in a 1:1 mixture of ethanol and water and reduced with solid 
sodium dithionite at the boiling point until decoloration was complete (after 
approximately 10 minutes).  The mixture was acidified to pH ~4.5 with concentrated HCl 
and a small amount of additional ethanol was added, after which the mixture was 
refluxed for ~1 hour with dropwise addition of 3 equivalents of 2,3-butanedione.  Upon 
	  	  
	   20	  
cooling to room temperature, the mixture was concentrated under vacuum in the absence 
of light and heat, cooled in the -20oC freezer, and precipitated by brief sonication.  The 
fine, bright yellow precipitate was collected by vacuum filtration and purified by 
extraction vs. chloroform, drying over magnesium sulfate, and evaporation of the solvent.  
Decomposes upon heating, approx. 65% yield.  1H NMR (500 MHz, DMSO) δ 11.03 (1H 
s), 4.43 (2H t, J = 7 Hz), 2.65 (3H s), 2.50 (3H s, overlapping with DMSO), 1.69 (2H p, J 
= 7 Hz), 1.40 (2H p, J = 7 Hz), 1.29 (m), 0.87 (3H t, J = 7 Hz).  13C NMR (500 MHz, 
DMSO) δ 161.20, 155.87, 151.08, 147.05, 140.02, 132.51, 48.04, 31.68, 29.06, 26.92, 
26.69, 22.54, 21.98, 17.46, 14.42.  Anal. calc. for C16H24N4O2 (MW = 304.39; found 
305.1966):  C, 63.13; H, 7.95; N, 18.41.  Found:  C, 62.25; H, 7.89 N, 17.28. 
6,7-dimethyl-8-decyl lumazine (LC10, 2c) and 6,7-dimethyl-8-dodecyl lumazine (LC12, 
2d):  1 equivalent of 6-alkylamino-5-nitroso uracil was taken up in ethanol and heated to 
boiling and a saturated aqueous solution of sodium dithionite was added dropwise until 
decoloration was complete.  The pH was adjusted to ~ 4.5 with concentrated hydrochloric 
acid and more ethanol was added until the intermediate was entirely dissolved.  The 
mixture was refluxed for approximately one hour while 3 equivalents of 2,3-butanedione 
were added dropwise, and then allowed to cool to room temperature.  The mixture was 
concentrated in vacuo in the absence of light and heat and moved to the -20 °C freezer.  
The bright yellow lumazine was precipitated by the addition of generous amounts of 
water and collected by vacuum filtration.  Extraction vs. CH2Cl2, drying over MgSO4, 
and evaporation of the solvent under vacuum yielded the pure products, with approximate 
65% yield in both cases. 
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LC10: Decomposes upon heating.  1H NMR (300 MHz, CDCl3) δ 9.40 (1H s), 4.51 (2H 
m), 2.67 (3H s), 2.60 (3H s), 1.76 (2H m), 1.41 (2H m), 1.20 (14H s), 0.82 (3H t, J = 6 
Hz).  13C NMR (500 MHz, CDCl3) δ 160.48, 155.83, 150.88, 144.74, 140.78, 133.50, 
48.69, 31.79, 29.43, 29.20, 27.63, 26.83, 22.62, 21.90, 17.22, 14.08.  Anal. calc. for 
C18H28N4O2 (MW = 332.44; found 333.2274):  C, 65.03; H, 8.49; N, 16.85.  Found:  C, 
64.65; H, 8.70; N, 16.16. 
LC12:  Decomposes upon heating.  1H NMR (500 MHz, CDCl3) δ 10.00 (1H s), 4.46 (2H 
m), 2.64 (3H s), 2.53 (3H s), 1.69 (2H m), 1.34 (2H m), 1.14 (16H s), 0.76 (3H m).  13C 
NMR (500 MHz, CDCl3) δ 160.63, 156.30, 150.71, 145.35, 141.00, 133.09, 48.58, 31.76, 
29.45, 29.39, 29.18, 27.54, 26.74, 22.53, 21.82, 17.21, 13.98.  Anal. calc. for C20H32N4O2 
(MW = 360.49; found 361.2574):  C, 66.63; H, 8.95; N, 15.54.  Found:  C, 65.12; H, 
9.09; N, 14.77. 
ii.  Results and Discussion 
a.  Optimization of Synthetic Scheme 
 Simply mimicking the process established by Winestock et al72 for water-soluble 
lumazines bearing sugar chains yielded a sticky, unprocessable paste that successfully 
evaded all attempts at purification.  Thus, the synthetic route adopted is a combination of 
routes to lumazine synthase inhibitors,73 flavin-based organocatalysts,74 and ribose-
bearing lumazines,72 with novel adaptations to the final step to facilitate scale-up.  First, 
the appropriate alkyl amine was coupled with 6-chlorouracil by refluxing in butanol 
overnight.  Butanol’s high reflux temperature and the relative insolubility of the product 
at lower temperatures allowed for both a relatively fast and complete reaction and for 
facile isolation and workup.  The use of two equivalents of alkylamine also helped to  
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encourage completeness of the reaction, as the amines’ basicity provided a natural trap 
for the hydrochloric acid that is a byproduct of this coupling.  Thorough recrystallization 
from acetic acid and water was critical at this point, since the difference in acidity that 
drives the separation of the unreacted alkylamine starting material and the product is 
particularly pronounced.  Additionally, the presence of residual, surfactant-like 
alkylamine in subsequent steps both impedes processability of intermediates and presents 
potential complications during the nitrosation step with the possibility of forming highly-
reactive diazonium impurities. 
Following this, the significantly nucleophilic exposed enamine carbon was 
nitrosated by the addition of a slight excess of sodium nitrite in acetic acid and 
recrystallized from ethanol or acetic acid and water, depending on the limitations 
imposed by compound polarity.  The completeness of the reaction was easily tracked by 
the disappearance of the alkene proton in 1H NMR. 
The final step was performed as a one-pot reaction in which the nitroso 
functionality was first reduced before condensation with 2,3-butanedione.  The literature 
suggests that a one-pot reaction is ideal due to the instability of the diamine intermediate 
to oxidation.72 Sodium dithionite was a natural choice given the water-solubility of the 
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shorter-chain nitroso compounds in the series and the tendency of the reagent to 
decompose in hot, acidic media, reducing the amount of unintended side-reactions after 
the reduction.  An adaptation had to be made for the more hydrophobic variants by 
dissolving them in hot ethanol and adding a saturated aqueous solution of sodium 
dithionite dropwise until complete decoloration was achieved, indicating complete 
reduction.  The use of hydrochloric acid in the biomimetic condensation75 had the dual 
advantage of activating the butanedione carbonyls and of increasing intermediate 
solubility in the ethanol/water mixture, presumably through the formation of ammonium 
salts.  Several pitfalls, however, had to be avoided.  Extremes of temperature and pH as 
well as the presence of light had severely detrimental effects on the lumazines, leading to 
the formation of brown precipitates.  Also, excessively large amounts of butanedione or 
insufficient intermediate solubility increased the amount of byproducts in the reaction, 
particularly of an unidentified blue-fluorescing compound.  These issues could be related 
to the in vivo function of lumazines – that is, the production of flavins – in that lumazine 
tautomerization, according to some sources, could lead to Diels-Alder dimerization as a 
step in the biosynthesis of flavin;70 other sources indicate that butanedione itself can react 
with lumazines to produce flavins directly.76  Both provide logical conclusions as to why 
heat, light, pH, and extreme excesses of solubilized butanedione vs. intermediate would 
prove deleterious to the isolation of lumazine, but further investigation is beyond the 
scope of this study.  Nevertheless, altering the reaction conditions to limit reaction time 
and to add the butanedione dropwise provided a satisfactory route to the final product.  
Concentration on a rotary evaporator, low-temperature crystallization, and extraction 
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versus chloroform or dichloromethane, all in the absence of light and heat insofar as was 
achievable, yielded the pure products. 
 
 
Figure 4.  Absorbance spectra of the lumazines used in this study vs. FC12 in toluene.  
Note the blueshift and disappearance of the middle peak in the lumazines, both reflecting 
the loss of the flavin’s phenyl ring. 
 Figure 4 illustrates the UV-Vis absorption spectra of FC12 and all four LCn. As 
expected, all four lumazines have similar spectral features, indicating that, in dilute 
solutions, the side-chain has a negligible effect on absorption of the aromatic ring.  The 
absorbance band-edge for lumazines is blue-shifted by 15 nm (490 nm) with respect to 
that of flavin (505 nm), which is commensurate with the smaller ring system.  The 
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vibronic structure of the S0àS1 peak for both flavin and lumazines appears similar, yet 
the flavin’s is more well-defined.  Moreover, flavin has an extra absorption at 337 nm, 
which is reminiscent of the phenyl ring’s signature that is missing in the case of 
lumazines. 
b.  Dispersion Characteristics 
 The spectroscopic properties of dispersions of these surfactants in toluene 
revealed several interesting characteristics.  In the absorbance spectrum, it is evident that 
an increase in the alkyl tail length for lumazines leads to an increase both in height of the 
nanotube peak and in height of the power-law background attributable to bundle-induced 
Figure 5.  As-sonicated absorption spectra for CoMoCAT SWNTs and listed surfactants 
in pure toluene. 
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scattering.40 Qualitatively, this can be rationalized by the increasing bulk solubility of each 
surfactant in toluene due to the increase in size of the molecule’s nonpolar region, enabling 
more surfactant to be dissolved and, therefore, more nanotubes to be dispersed.  Also, 
deconvolution of the absorbance peaks reveals differences between LCn and FC12-
dispersed samples even starting with the highly monodisperse SWNTs made by the 
CoMoCAT method.  Comparing these spectra to ones of dispersed HiPco nanotubes, along 
with photoluminescence-excitation spectra, is highly enlightening. 
 First, across both types of SWNTs, the LCn show less diameter selectivity, as 
evidenced by the greater populations of chiralities outside of the optimal diameter range 
compared to the FC12-dispersed nanotubes (see figure 6).  Structural differences between 
the lumazine and flavin heads are the only significantly altered parameter that can be 
invoked to explain this behavior.  The removal of the third ring from the surfactant head 
moiety in going from the flavin structure to the lumazine should have conceptually 
predictable effects on the interaction of each with the SWNT sidewall. 
1. The reduced size of the conjugated ring system should reduce the amount of π-π 
stacking between the surfactant and aromatic SWNT surface. 
2. The geometric overlap with the honeycomb lattice should occur over a shorter 
amount of space.  Also, the repeat unit of the helix should be shorter, as the 
individual components thereof are smaller. 
3. The removal of the electron-rich phenyl ring from the head moiety should make the 
moiety more electron-deficient as a whole.  This is evidenced in the increased 
downfield shift of the methyl protons pendant to the ring system and the conserved 
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imide proton in 1H NMR spectroscopy.  The effects of this are less easily 
predictable, but two probable candidates distinguish themselves: 
a. Increased charge-transfer that could counteract the lack of π-π stacking and 
make a positive contribution to the binding strength of an individual 
surfactant molecule to the SWNT. 
b. The greater downfield shift of the imide proton in the LCn molecules 
suggests greater bond polarization in this system as compared to the FC12, 
which could, in turn, enhance the hydrogen (H-) bonding capability of one 
surfactant molecule to another, thereby strengthening the helix as a whole.77 
 
Figure 5.  A comparison of CoMoCAT (top) and HiPco (bottom) SWNTs dispersed with 
LCn (left) and FC12 (right). 
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The lower diameter selectivity of the LCn illuminates the role of point #2.  A greater 
flexibility is suggested in the arrangement of the molecule with regards to both the 
surface of the SWNT on which it organizes and the helix into which it organizes.  The 
lower geometrical constraints imposed by the interaction of the 2-ring system with the 
graphitic surface, combined with the greater organizational freedom afforded by the 
smaller basic unit out of which the helix is formed, result in the ability to better 
accommodate a wider variety of SWNT chiralities than the three-ring FC12. 
 
Figure 6.  Chirality population distribution by increasing diameter according to 
absorbance-based measurements. 
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Figure 7.  Chirality population distribution by increasing diameter according to 
photoluminescence-based measurements. 
 Although the LCn has less preferential behavior than FC12, it still appears to 
prefer smaller-diameter SWNTs over larger ones, as evidenced by the relative chirality 
populations in both CoMoCAT and HiPco dispersions.  It stands to reason that the 
smaller size of the head moiety would enable a narrower tube for geometric reasons; 
these results proceed to the next level and indicate that it is not only possible, but more 
facile. 
c.  Thermal Denaturation Experiments 
 As outlined in the introduction, there is, to the best of my knowledge, no current 
method for competitive surfactant replacement in organic systems that would enable 
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direct comparisons of binding affinity like those carried out in previous work on flavin 
mononucleotide in aqueous systems.62 Additionally, it is anticipated that competitive 
hydrogen bonding by the solvent contributes to denaturation and replacement in aqueous 
systems.  An alternative method was therefore devised, relying on the difference in 
fluorescence between helically-wrapped and unwrapped, bundled SWNTs.66,33 Similarly, 
changes in spectral features are commonly used to probe helix-coil transitions in 
DNA,78,79,80,81 protein,82,83 and synthetic polymer systems84,85 with both external 
denaturants and thermal denaturation, showing a continuity between both methods. 
Several constraints were placed upon the data collected from our thermal 
denaturation runs.  First, in an attempt to control the optical density of as-sonicated 
nanotube samples so as to avoid the added variables introduced by diluting into a range 
with an absorption in the linear region, an anti-solvent (hexane) was introduced along 
with the toluene prior to sonication; such large amounts were necessary to reduce the 
optical density of the LC12 dispersions that the results, in addition to being highly erratic, 
were brought conceptually into doubt due to the significant difference in the effective 
dielectric environment as compared to the other samples.  All LC12 dispersions were 
therefore discarded.  LC6 was outright unable to solubilize SWNTs in toluene.  Red-
shifting and poor resolution for LC8-dispersed SWNTs cast doubt on the complete 
individualization of LC8-dispersed SWNTs.  Therefore, LC10 was deemed the most 
suitable dispersant for SWNTs and used for all subsequent studies. 
Second, in order to approximate ideal behavior as closely as possible, samples 
with high baseline values (indicating bundling) and/or a poorly-sigmoidal melting 
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transition were discarded.  The data thus selected were fitted according to an equation 
derived from Bragg-Zimm formalism: 
Equation 6.  Bragg-Zimm fit of melting data according to % quenching. 
! =
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'  
θ represents the curve height (in this case, the percent of the total luminescence that is 
quenched during the transition), x the temperature, cs the critical temperature (halfway 
through the sigmoidal transition), and σ the breadth of the transition. 
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  The LC10-wrapped (6,5) SWNT exhibited a higher average melting point than the 
FC12-wrapped (6,5) by roughly 4°C (see appendix II, table 3).  This transition, additionally, 
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was significantly sharper than that exhibited by the FC12-wrapped SWNT, as indicated by 
the smaller average σ value.  These observations point to one conclusion stemming from 
the points raised in ii(b):  namely, that the strength of the helix as a whole is dependent not 
on the adhesion strength of individual surfactant molecules on the SWNT surface, but 
rather on the strength of the interaction between the adjacent surfactant units that comprise 
said helix.  The sharper transition of the lumazine-SWNTs versus the flavin-SWNTs 
indicates that once a defect is nucleated in the helix, it propagates more easily throughout 
the length of the helix, leading to its rapid destruction and the rapid aggregation of the 
SWNTs.  The flavin’s lower cooperativity indicates just the opposite – that defects have a 
more difficult time propagating once they are formed, leading to a slower decay of the helix 
and slower re-aggregation of the SWNTs.  This is probably due to an equilibrium effect: 
namely, that although the solubilities of LC10 and FC12 are similar, a minute difference 
results in there being more FC12 “in reserve” in solution, ready to replace the molecules 
that diffuse out of the helix and thus slowing denaturation.  The lumazine’s higher helical 
melting point indicates that the attractive forces that stitch the surfactant molecules together 
into a helix are greater in the lumazine, making it more difficult to nucleate a defect.  
However, variability in the checmical shift of the imide proton suggests that the shift may 
not be intrinsically more down-field for the lumazine, but rather can be affected by 
concentration.  Therefore, the cohesive strength of the helix can also be characterized as 
concentration-dependent, with the smaller LC10 exhibiting a greater local concentration on 
the surface of the nanotube and being more densely-packed. 
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d.  Conclusion 
 The alkyl lumazine surfactants synthesized exhibited similar behavior to the 
flavins from which they are derived, albeit with a lower selectivity for the SWNTs 
dispersed and, within the selectivity that exists, favoring smaller-diameter SWNTs than 
flavins.  Additionally, the LC10 are believed to preserve the helix formed by FC12 around 
SWNTs due to the similar presence, in SWNT dispersions made with both surfactants, of 
a sigmoidal loss of SWNT fluorescence intensity with increasing temperature, implying a 
similar mode of intermolecular cooperativity among surfactants.  The helical melting 
transition occurs at a slightly higher temperature for the LC10, but is sharper than for the 
FC12.  The smaller unit size of the LC10 is invoked to explain the lower diameter 
selectivity and preference for smaller-diameter SWNTs.  The higher melting temperature 
can be explained by the denser packing of LC10 on the nanotube surface, while the 
sharpness of the transition is again attributed to minor solubility differences influencing 
the amounts of surfactant available at equilibrium.
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iii.  Appendix I: Compound Characterization Data 
 
Figure S1.  Comparison of FC12 (red) and LC12 (blue) 1H NMR spectra (500 MHz, 
CDCl3).  Several features of the graphs, namely downfield shifts in the imide and methyl 
groups pendant to the ring system for the lumazine relative to the flavin (peaks 1, 3, and 
4), indicate a more electron-deficient system. 
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Figure S2.  1H (300 MHz, CDCl3) and 13C (300 MHz, DMSO) spectra for LC6. 
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Figure S3.  1H and 13C spectra for LC8.  500 MHz, DMSO. 
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Figure S4.  1H (300 MHz, CDCl3) and 13C (500 MHz, CDCl3) spectra for LC10. 
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Figure S5.  1H and 13C spectra of LC12.  500 MHz, CDCl3. 
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Figure S6.  Heteronuclear Multiple Bond Correlation (HMBC) spectrum collected for 
LC10 supporting the identity of the quaternary ring carbons.  The downfield methyl group 
pendant to the ring in the 1H spectrum is established by both its proximity to the electron-
withdrawing imines and by its correlation with the imide carbonyl (v), no doubt helped 
by the partially aromatic character of the ring system, given that the coupling is long-
distance.  The other methyl would have to exhibit an even longer correlation, which 
makes any other assignment possibility unlikely.  Both the imide proton and the upper 
methyl group correlate to carbon 6 (i and ii), making it most likely the uppermost 
quarternary carbon in the middle of the ring.  Both methyls correlate to carbons 4 and 5 
(iii, iv, vi, and vii), suggesting that they are the two leftmost carbons.  No other protons 
contribute to their overall picture, making them impossible to differentiate with absolute 
certainty; nevertheless, resonance forms suggest that the lower of the two should be 
shifted to a higher ppm value (see below).  Assuming the two carbonyls appear at the 
highest field strength, 3 is assigned by process of elimination. 
 
Scheme S1.  Resonance structures of the lumazine ring system supporting relative 
assignments of carbons 4 and 5.  The higher ppm value is assigned to the carbon bearing 
a greater δ+ charge. 
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Figure S7.  Representative spectra of 6-alkylaminouracils – 6-dodecylaminouracil.  1H, 
13C NMR in TFA with CDCl3 spike for signal-locking purposes, 400 MHz.
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Figure S8.  Representative spectra of 6-alkylamino-5-nitrosouracils – 6-dodecylamino-5-
nitrosouracil.  1H NMR in DMSO, 500 MHz.
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Confirmation of Formation of Hemihydrate 
 Slight discrepancies in the elemental analysis data and the observation that, 
during recrystallization, the nitroso compounds changed from a mixture of purple and 
orange to a uniform purple color aroused suspicions that the compound formed could 
contain some water.  The higher proportion of orange prior to recrystallization with the 
variants with longer alkyl tails seemed to corroborate this theory, and the ca. 95% 
isolated yield reported in the literature and confirmed in our lab seemed to rule out the 
existence of an orange impurity.  Thermogravimetric analysis (TGA) was used to probe 
the water content of the finished samples via weight measurements before and after 
driving off water at, in most cases, slightly below 100oC.  The ratio of moles of water to 
moles of compound determined by this method was 1:2 for all four variants studied (6-
hexyl, octyl, decyl, and dodecyl-5-nitrosouracil). 
 
Figure S10.  Compilation of the TGA curves for the four nitroso intermediates studied. 
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Figure	  S11.	  	  High-­‐resolution	  mass	  spectrometry	  data	  for	  LC6,	  8,	  10,	  and	  12.	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iv.  Appendix II:  Tables of Dispersion Data 
Table 1.  Tabulated CoMoCAT dispersion data. 	   	   FC12	  
Assign.	   dt	   λmax-­‐abs	   λE11-­‐em	   Stokes	   FWHM	   Absmeasured	   PLmeasured	  (n,m)	   (nm)	   (nm)	   (nm)	   Shift	   (meV)	   (%)	   Intensity	  	  	   	  	   	  	   	  	   (nm)	   	  	   	  	   	  (%)	  (9,1)	   0.76	   941.21	   -­‐	   -­‐	   29.40	   4.36	   -­‐	  (6,5)	   0.76	   987.88	   996.15	   8.27	   30.32	   54.05	   43.71	  (8,3)	   0.78	   983.64	   986.03	   2.39	   17.45	   6.53	   11.75	  (9,2)	   0.81	   -­‐	   -­‐	   -­‐	   -­‐	   -­‐	   -­‐	  (7,5)	   0.83	   1047.27	   1051.82	   4.55	   23.72	   11.04	   18.96	  (8,4)	   0.84	   1127.88	   1132.79	   4.91	   12.55	   3.11	   2.88	  (7,6)	   0.90	   1157.58	   1158.09	   0.51	   17.95	   6.70	   3.80	  (9,4)	   0.92	   1119.39	   1122.67	   3.28	   18.48	   3.11	   4.17	  (8,6)	   0.97	   1204.24	   1208.70	   4.46	   14.42	   2.48	   5.93	  (9,5)	   0.98	   1272.12	   1274.48	   2.36	   17.13	   5.27	   4.13	  (8,7)	   1.03	   1306.06	   1309.91	   3.85	   16.45	   3.35	   4.67	  	   	   	   	   	   	   	   	  	   	   LC10	  
Assign.	   dt	   λmax-­‐abs	   λE11-­‐em	   Stokes	   FWHM	   Absmeasured	   PLmeasured	  (n,m)	   (nm)	   (nm)	   (nm)	   Shift	   (meV)	   (%)	   Intensity	  	  	   	  	   	  	   	  	   (nm)	   	  	   	  	   	  (%)	  (9,1)	   0.76	   932.03	   -­‐	   -­‐	   43.86	   1.52	   -­‐	  (6,5)	   0.76	   990.43	   1002.27	   11.84	   43.90	   53.03	   22.17	  (8,3)	   0.78	   973.75	   978.00	   4.25	   29.78	   7.66	   4.07	  (9,2)	   0.81	   1140.62	   1168.54	   27.92	   22.21	   8.37	   3.44	  (7,5)	   0.83	   1044.67	   1050.82	   6.15	   33.82	   18.29	   32.22	  (8,4)	   0.84	   1132.27	   1136.19	   3.92	   14.02	   1.39	   13.18	  (7,6)	   0.90	   1161.47	   1165.03	   3.56	   40.30	   8.31	   8.52	  (9,4)	   0.92	   1119.76	   1156.56	   36.80	   12.87	   0.44	   4.10	  (8,6)	   0.97	   1194.85	   1212.31	   17.46	   26.29	   0.24	   2.77	  (9,5)	   0.98	   1257.42	   1257.74	   0.32	   20.68	   0.50	   7.10	  (8,7)	   1.03	   1290.80	   1301.61	   10.81	   19.29	   0.25	   2.41	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Table 2.  Tabulated HiPco Dispersion data. 
  
LC10 
(n,m) dt λabs FWHM Absmeasured PLmeasured 
  (nm)   (meV) (%) (%) 
(6,5) 0.76 998.91 88.06 13.38 12.82 
(9,1) 0.76 943.64 67.88 0.71 - 
(8,3) 0.78 978.18 54.01 1.79 4.53 
(9,2) 0.81 1150.91 34.43 3.42 6.70 
(7,5) 0.83 1054.18 65.36 8.67 7.09 
(8,4) 0.84 1144.00 40.38 0.68 7.16 
(10,2) 0.88 1088.73 27.70 1.32 3.45 
(7,6) 0.89 1157.82 56.84 21.99 8.22 
(9,4) 0.92 1130.18 39.80 0.74 5.26 
(11,1) 0.92 1296.00 40.64 5.62 5.48 
(10,3) 0.94 1275.27 36.01 0.95 3.29 
(8,6) 0.97 1220.00 49.06 5.19 5.99 
(9,5) 0.98 1268.36 38.58 4.16 7.23 
(12,1) 0.99 1226.91 29.36 0.98 - 
(11,3) 1.01 1254.55 25.84 1.00 1.76 
(8,7) 1.03 1309.82 38.88 5.76 9.05 
(12,2) 1.04 1406.55 42.95 3.83 2.05 
(10,5) 1.05 1289.09 54.42 0.93 3.33 
(11,4) 1.07 1378.91 35.15 3.37 1.94 
(9,7) 1.10 1365.09 32.36 2.09 2.25 
(10,6) 1.11 1420.36 44.18 3.81 1.78 
(9,8) 1.17 1448.00 51.92 4.45 - 
(13,3) 1.17 1503.27 38.04 1.32 0.61 
(12,5) 1.20 1530.91 49.58 3.51 - 
(10,8) 1.24 1593.09 23.67 0.32 - 
  
FC12 
(n,m) dt λabs FWHM Absmeasured PLmeasured 
  (nm)   (meV) (%) (%) 
(6,5) 0.76 998.91 62.20 4.51 5.45 
(9,1) 0.76 957.45 92.20 0.85 - 
(8,3) 0.78 985.09 39.43 0.36 1.90 
(9,2) 0.81 - - - - 
(7,5) 0.83 1061.09 56.91 4.60 5.30 
(8,4) 0.84 1137.09 42.00 8.36 7.49 
(10,2) 0.88 1081.82 38.95 1.78 3.55 
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(7,6) 0.89 1164.73 48.47 11.19 10.01 
(9,4) 0.92 1123.27 31.08 0.94 7.29 
(11,1) 0.92 1302.91 40.47 4.67 5.37 
(10,3) 0.94 1289.09 46.58 2.03 5.28 
(8,6) 0.97 1213.09 42.07 10.73 12.41 
(9,5) 0.98 1282.18 39.37 13.08 14.17 
(12,1) 0.99 1226.91 20.56 1.57 - 
(11,3) 1.01 - - - 3.72 
(8,7) 1.03 1323.64 28.52 7.67 8.06 
(12,2) 1.04 1420.36 29.51 5.89 1.74 
(10,5) 1.05 1289.09 27.05 2.01 2.87 
(11,4) 1.07 1406.55 21.56 0.68 1.58 
(9,7) 1.10 1378.91 48.78 7.52 2.00 
(10,6) 1.11 1434.18 33.89 5.02 1.80 
(9,8) 1.17 1461.82 28.29 2.68 - 
(13,3) 1.17 1524.00 19.08 0.81 - 
(12,5) 1.20 1537.82 23.54 1.81 - 
(10,8) 1.24 1551.64 34.03 1.27 - 
 
Table 3.  Summary of parameters used to fit melting curves – by trial. 
LC10 Cs σ FC12 Cs σ 
Trial 1 79.4352 0.156079 Trial 1 77.2979 0.497124 
Trial 2 82.2883 0.425254 Trial 2 70.3661 0.287114 
Trial 3 77.9464 0.279895 Trial 3 80.0337 0.395542 
Trial 4 78.701 0.24352 Trial 4 75.1326 0.801075 
     Trial 5 76.262 0.373 
Average 79.592725 0.276187   75.81846 0.470771 
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v.  Appendix III:  Deconvoluted Absorbance and Emission Spectra 
 
Figure S12.  Comparison of the deconvolution of the absorbance profiles of CoMoCAT 
SWNTs dispersed with FC12 (top) and LC10 (bottom). 
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Figure S13.  Comparison of the deconvolution of the absorbance profiles of HiPco 
SWNTs dispersed with FC12 (top) and LC10 (bottom). 
	  	  
	   51	  
 
λexc = 582 nm 
λexc = 660 nm 
nm 
	  	  
	   52	  
λexc = 672 nm 
nm 
λexc = 603 nm 
nm 
	  	  
	   53	  
 
Figure S14.  Photoluminescence intensity (arbitrary units) vs. emission wavelength (nm) 
“slices” for CoMoCAT-FC12 samples at indicated excitation wavelengths.  SWNT 
chiralities directly probed are indicated. 
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Figure S15.  Photoluminescence intensity (arbitrary units) vs. emission wavelength (nm) 
“slices” for CoMoCAT-LC10 samples at indicated excitation wavelengths.  SWNT 
chiralities directly probed are indicated. 
λexc = 736 nm 
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λexc = 694 nm 
nm 
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